Abstract CD4 lymphocyte count is an important surrogate marker of HIV disease progression, but it is often unavailable at the time of clinical events. We analysed data from the Cotrame cohort (1999)(2000)(2001)(2002)(2003)(2004) and the Trivacan Structured Treatment Interruption trial (2002)(2003)(2004)(2005) to estimate the incidence of opportunistic infections and death within specific CD4 strata in HIV-infected patients receiving highly active antiretroviral therapy (HAART) in sub-Saharan Africa. We used three methods of CD4 modelling: the first assumed that CD4 cell count remained constant until the next measurement; the second assumed that it changed immediately to the level of the subsequent measurement; and the third assumed that it followed a linear function between two consecutive CD4 measurements. The cohort used in this analysis consisted of 981 patients. The incidence rates of opportunistic infections were highest in the lower CD4 strata and decreased in the higher CD4 count strata. The incidence rates of mild opportunistic infections and severe bacterial infections, however, remained high in the highest CD4 stratum. Although all confidence intervals overlapped among the three methods, the incidence rate estimates showed differences of up to 74% in the lowest CD4 stratum. Different methods of estimating CD4 counts at the time of clinical events led to minor differences in incidence rates, except in the CD4 stratum \50 cells/mm 3 , where the follow-up time was shorter. All of the models indicate that the overall incidence of opportunistic infections under HAART in subSaharan Africa is high. This suggests that prophylaxis against opportunistic infections may be needed even for patients receiving HAART. 
IQR
interquartile range NTM non-tuberculous mycobacterium PCP pneumocystis jirovecii pneumonia Introduction CD4 lymphocyte count is recognized as one of the most important predictors of HIV disease progression [1, 2] . It predicts opportunistic infections and death, and has been shown to be an important surrogate marker for determining the need for antiretroviral therapy as well as measuring the response to therapy [3] . As a result, it has been used to develop international guidelines for initiation of antiretroviral agents and opportunistic infection prophylaxis in both developed and developing countries [4] . Prophylaxis of opportunistic infections, particularly Pneumocystis jirovecii Pneumonia (PCP), as well as nontuberculous mycobacterium (NTM), led to early improvements in the survival of HIV-infected patients in both the United States and Europe [5, 6] . Even in the era of effective antiretroviral therapy, these types of prophylaxis continue to be of use. In resource-limited settings, the incidence of opportunistic infections is higher than in the United States and Europe [7, 8] . The spectrum of common infections includes bacterial infections, malaria, fungal infections, and most importantly tuberculosis [7, 9] . In designing guidelines for the management of HIV-infected patients in these resource-limited countries, it is crucial to understand the incidence and impact of preventable opportunistic infections. It is also important to further clarify the impact of these infections on patients already receiving HAART. With detailed information about the incidence of opportunistic infections at each stage of illness, it will thus be possible to target patients at the highest risk for developing complications. However, CD4 cell counts are usually not available at the time of clinical events, especially in resource-limited settings where CD4 measurements are less likely to be performed. Accordingly, our objective was to estimate the incidence of opportunistic infections and death by CD4 count in HIVinfected patients receiving effective antiretroviral therapy in Abidjan, Côte d'Ivoire and to examine the effect of three different methods for estimating CD4 cell count on these incidence rates.
Methods

Patients
Between 1996 and 2007, four ANRS (Agence Nationale de Recherches sur le Sida) funded studies enrolled HIVinfected patients in Côte d'Ivoire. From 1996 to 1998, the Cotrimo-CI-ANRS 059 trial assessed the efficacy of early cotrimoxazole chemoprophylaxis in adults [10] and the Ditrame-CI-ANRS 049 trial assessed the efficacy of a short course zidovudine regimen in reducing mother-to-child HIV transmission [11] . After both trials ended, a unique long-term cohort study, the Cotrame-ANRS 1203 cohort study, followed up on 723 participants through 2004 [7] . Starting in early 1999, Cotrame cohort participants were started on HAART once they reached the national criteria of inclusion in the Côte d'Ivoire/UNAIDS Drug Access Initiative [12] . Between 2002 and 2007, the Trivacan-ANRS 1269 trial assessed the benefits and risks of two structured treatment interruption strategies in adults in Côte d'Ivoire [13] . This trial comprised a pre-randomisation phase during which 840 untreated adults started HAART and were followed 6 to 18 months on continuous antiretroviral treatment before being randomised into the trial. In the Cotrame cohort and in the Trivacan trial pre-randomization phase, patients on HAART were prescribed cotrimoxazole and were followed using standardized procedures which have been described elsewhere [10, 13] . Our analysis includes all patients from the Cotrame cohort who were on HAART from April 28, 1999 to May 28, 2004, and all patients from the pre-randomization phase of Trivacan trial who started HAART in December 26, 2002 and continued treatment either up to the date of randomization, for randomized patients, or up to April 1st, 2005, for the rest.
Clinical events
Clinical events were characterized by the trial team using standardized definitions and were reviewed by an event documentation committee [7, 9] . Incident opportunistic infections were grouped together according to the causal micro-organism (Appendix). Opportunistic infections were divided into severe or mild events. Severe opportunistic infections were defined as any WHO clinical stage 3 or 4 defining event or any other event requiring hospital admission or leading to death, including severe fungal infections, severe bacterial infections, severe malaria, tuberculosis, isospora, toxoplasmosis and Mycobacterium avium complex (MAC) bacteremia. Mild opportunistic infections were defined as all WHO clinical stage 2 defining events, mild fungal infections, mild bacterial infections and mild malaria which did not lead to hospital admission or death.
Statistical analysis
We estimated the overall incidence rates of death, any mild and severe opportunistic infections, bacterial, malaria and tuberculosis, as well as those incidence rates within specific CD4 cell count strata: \50 cells/mm 3 3 . Only the first event of a specified opportunistic infection for each individual was analysed during the study period. The incidence rate of a given event within a specific CD4 stratum was defined as the number of patients having the first episode of that event in the given CD4 stratum divided by the total follow-up time at risk within the same CD4 cell count stratum, expressed per 100 person-years. Confidence intervals (95% CI) around incidence rates were calculated assuming a Poisson distribution. Median values related to patients' characteristics were reported with the interquartile range (IQR). Analyses were done with SAS software version 8.02 (SAS Institute Inc., Cary, North Carolina, USA). Estimating CD4 cell counts over time Because CD4 cell counts were generally measured at prespecified intervals, and not at the time of opportunistic infections, we had to estimate the value of CD4 cell counts at the time of an event. Three alternative methods were used (Fig. 1 ). The first assumed that CD4 cell count remained constant until the next measurement; the second assumed that CD4 cell count changed immediately to the level of the next measurement; and the third assumed linear interpolation between two consecutive CD4 measurements. The last CD4 measurement in follow-up was carried forward for all three methods. Figure 1 illustrates the case where an opportunistic event occurs at a followup time of 10 months. The estimated CD4 cell count was 220 cells/mm 3 using the first method, 40 cells/mm 3 using the second method, and 100 cells/mm 3 using the third method.
Results
One hundred forty one patients on HAART from the Cotrame cohort and 840 patients on HAART from the prerandomization phase of the Trivacan trial were enrolled (Table 1) . Patients were more likely to be women than men in both studies (62% and 76%, respectively; P \ 0.001), and the median age at HAART initiation was 34 years (IQR 29-41). The median follow-up time on HAART was higher in Cotrame (32.8 vs. 8.0 months; P \ 0.001), but not in cumulative follow-up time (366 versus 781 personyears). At study termination, 38 patients had died: the median time from HAART initiation until death was 6.8 months (IQR 2.3-13.0).
The crude mortality rate was 3 (95% CI 2-5) per 100 person-years. The incidence rate of mild opportunistic infections was higher in Cotrame, 70 (95% CI 57-85) versus 47 (95% CI 41-52) per 100 person-years, and the incidence rate of severe opportunistic infections was similar in the two cohorts, 38 (95% CI 30-47) versus 41 (95% CI 36-46) per 100 person-years. The most frequent mild opportunistic infections were mild fungal and mild bacterial infections, and the most frequent severe opportunistic infections were severe bacterial infections (data not shown). All patients had a CD4 cell count measured before or at the time of HAART initiation; the median was higher in Trivacan (252 versus 131 cells/mm 3 We then estimated the mortality and incidence of the first episode of opportunistic infections within specific CD4 strata, according to the three different modelling methods. We first estimated the incidence of any severe opportunistic infection, as well as the incidence of the following specific severe opportunistic infections: tuberculosis, severe bacterial infections, severe fungal infections, and severe malaria (Table 2 ). We also estimated the incidence of any mild opportunistic infection, as well as the incidence of the following specific mild opportunistic infections: mild bacterial infections, mild fungal infections, and mild malaria (Table 3) . Although all confidence intervals overlapped, results showed differences of up to 74% in incidence rates in the CD4 stratum \50 cells/mm 3 . For example, in the CD4 stratum \50 cells/mm 3 , the incidence rate of severe bacterial infections was estimated at 20 (95% CI 2-72) per 100 person-years using the Constant Until Next Measurement method, 77 (95% CI 28-168) per 100 person-years using the Changing Value Immediately method and 44 (95% CI 9-129) per 100 person-years using the Linear Interpolation method. However, combining the two lower CD4 strata resulted in similar incidence rates of severe bacterial infections among the three methods: 12 (95% CI 8-17), 14 (95% CI 9-21) and 14 (95% CI 9-21) per 100 person-years. As expected, the highest incidence rates occurred in the lowest CD4 stratum. All incidence rates decreased in the higher CD4 strata, except for mild malaria for which incidence rates were identical across CD4 strata. The incidence rates of mild opportunistic infection and severe opportunistic infections were still high in the CD4 stratum 
Discussion
In this analysis we estimated the incidence rates of opportunistic infections and death within specific CD4 strata in patients receiving HAART in sub-Saharan Africa. In these countries, CD4 measurements are relatively scarce because of a lack of laboratory facilities. Therefore, modelling CD4 cell counts between two consecutive measurements may be subject to a higher degree of variability than in regions of the world where CD4 tests are more common. Three different methods of modelling CD4 cell count between two consecutive measurements were examined. Based on the three methods used in this study, as in other studies in both sub-Saharan Africa [14, 15] and elsewhere [16, 17] , the highest incidence rates occurred in the lowest CD4 cell count stratum. The incidence rates of opportunistic infections and death were lower in the higher CD4 cell count strata, except for mild malaria. However, the overall incidence of mild opportunistic infections and severe bacterial infections remained high, even in patients with CD4 counts [350 cells/mm 3 , as previously reported in sub-Saharan Africa [7, 18] . Moreover, our estimates of tuberculosis incidence rates are comparable to those Table 2 Incidence of death and severe opportunistic infections within specific CD4 strata according to the method of modelling CD4 stratum (cells/mm Impact of alternative methods of CD4 count modelling 741 Table 3 Incidence of mild opportunistic infections within specific CD4 strata according to the method of modelling CD4 stratum (cells/mm reported by Badri et al. in South African patients receiving HAART [19] . Modelling of CD4 cell count differs depending on whether patients are untreated or treated with HAART. For untreated patients, complicated statistical methods have been used to estimate CD4 cell count at a given time, including fixed effects, random effects or mixed effects models [17, 20, 21] . These models can be used to assess risk factors for CD4 count decrease and then applied for prediction at the individual level. While patients are receiving HAART, the CD4 trajectory cannot be easily extrapolated, because patients may be either succeeding or failing therapy and CD4 cell counts are subject to major fluctuations. Therefore, we used three straightforward methods of modelling to derive opportunistic infection incidence rates within defined CD4 strata. The Constant Until Next Measurement method assumed that the CD4 cell count remained constant until a new CD4 cell count was observed. This method does not capture any increase in CD4 cells due to initiation of HAART, and thus underestimates the true CD4 cell count in the first interval for patients on HAART. By contrast, the Changing Value Immediately method captures the CD4 increase in the first interval compared with baseline but probably overestimates CD4 cell count in the first interval. Finally, the Linear Interpolation method also captures the initial rise and takes it into account in a progressive and linear way. We found that these methods may give different CD4 count estimates at the time of an event for individual patients, but provide similar estimates of opportunistic infection incidence rates at the population level, except in the lower CD4 stratum. Similar results were obtained after stratification by age and gender. However, we cannot conclude that one method is better than another and more detailed simulation studies are warranted to examine factors that alter the performance of these methods.
There are several limitations to this analysis. First, the analysis is based on data from a cohort of closely monitored HIV patients, where a higher number of CD4 cell count measurements were available compared to routine care. The results may not be generalizable to other cohorts in which CD4 counts are measured less frequently. For example, WHO guidelines recommend CD4 measurement every 6 months, unlike in this study, in which CD4 counts were measured on average every 3 months. Second, the duration of follow-up differed between the Cotrame cohort and the pre-randomization phase of Trivacan cohorts. However, we pooled data from these cohorts after stratifying follow-ups by CD4 cell count. Moreover, we only evaluated the incidence of primary opportunistic infections, not recurrences. Thus, we pooled follow-up periods during which the risk of opportunistic infection occurrence was quite homogenous. Third, the analysis included few subjects with CD4 cell counts \50 cells/mm 3 and more important with short follow-up periods given that these patients were receiving HAART. This may explain some of the differences among the three methods and the very large 95% CI around the estimates of incidence rates in this CD4 stratum. Therefore, we cannot determine whether or not our estimates of incidence of opportunistic infections for subjects with CD4 cell counts \50 cells/mm 3 obtained by the three different methods of CD4 cell count modelling are different. However, it is important to underline that when the two lower CD4 strata are combined, no differences are observed among the three methods.
In summary, we examined the incidence rates of opportunistic infections and death within specific CD4 strata in patients receiving HAART in sub-Saharan Africa. We used three methods to derive the opportunistic infection rates and to determine whether they led to different estimates. These methods may give different CD4 count estimates at the time of an individual opportunistic infection, but overall, they provide similar estimates of opportunistic infection incidence rates, except when applied in the CD4 strata\50 cells/mm 3 , where the followup time was short. The analyses demonstrated that in subSaharan Africa, the overall incidence of opportunistic infections, especially mild opportunistic infections, remains high in patients with high CD4 counts, even in those receiving HAART. These results suggest that in this setting, opportunistic infection prophylaxis may be needed even in patients with high CD4 counts receiving HAART. Moreover, they show the importance of implementing preventive measures other than prophylaxis in order to decrease the incidence of opportunistic infections such as malaria. 
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